HEI-OC1 is one of the few mouse auditory cell lines available for research purposes. Originally proposed as an in vitro system for screening of ototoxic drugs, these cells have been used to investigate drug-activated apoptotic pathways, autophagy, senescence, mechanism of cell protection, inflammatory responses, cell differentiation, genetic and epigenetic effects of pharmacological drugs, effects of hypoxia, oxidative and endoplasmic reticulum stress, and expression of molecular channels and receptors. Among other several important markers of cochlear hair cells, HEI-OC1 cells endogenously express prestin, the paradigmatic motor protein of outer hair cells. Thus, they can be very useful to elucidate novel functional aspects of this important auditory protein. HEI-OC1 cells are very robust, and their culture usually does not present big complications. However, they require some special conditions such as avoiding the use of common anti-bacterial cocktails containing streptomycin or other antibiotics as well as incubation at 33 °C to stimulate cell proliferation and incubation at 39 °C to trigger cell differentiation. Here, we describe how to culture HEI-OC1 cells and how to use them in some typical assays, such as cell proliferation, viability, death, autophagy and senescence, as well as how to perform patch-clamp and non-linear capacitance measurements.
Introduction
House Ear Institute-Organ of Corti 1 (HEI-OC1) cells are derived from the auditory organ of a transgenic mouse 1, 2 . Incubation of any cell from this transgenic mouse at 33 °C/10% CO 2 (permissive conditions) induces expression of an immortalizing gene that triggers de-differentiation and accelerated proliferation; moving the cells to 39 °C/5% CO 2 (non-permissive conditions) lead to decreased proliferation, differentiation and, at least in the case of HEI-OC1, cell death 2, 3 . HEI-OC1 cells were cloned and characterized in our laboratory over a decade ago, and initial studies indicated that they express specific markers of cochlear hair cells, such as prestin, myosin 7a, Atoh1, BDNF, calbindin and calmodulin, but also markers of supporting cells like connexin 26 and fibroblast growth factor receptor (FGF-R) 2 . Therefore, it was suggested that HEI-OC1 could represent a common progenitor for sensory and supporting cells of the organ of Corti 2 . Parallel studies provided strong evidence that archetypal ototoxic drugs like cisplatin, gentamicin and streptomycin induced caspase-3 activation in these cells, while drugs considered non-ototoxic, like penicillin, did not 2, 3 . Therefore, this cell line was proposed as an in vitro system to investigate the cellular and molecular mechanisms involved in ototoxicity and for screening of the potential ototoxicity or otoprotective properties of new pharmacological drugs. It is estimated that HEI-OC1 cells have been used in more than one hundred and fifty studies published in the last ten years.
Whereas looking at the potential pro-apoptotic effect of different drugs was the major goal of most of the studies involving this cell line, other important cell processes like autophagy and senescence have just started to be investigated in HEI-OC1 cells [4] [5] [6] [7] . In a recent study from our laboratory 8 , we used HEI-OC1 cells to collect a comprehensive set of data about cell death, survival, proliferation, senescence and autophagy induced by different pharmacological drugs frequently used in the clinic. We also compared some of the responses of HEI-OC1 cells with those from HEK-293 (human embryonic kidney cells) and HeLa (human epithelial cells) receiving identical treatment. Our results indicated that HEI-OC1 cells respond to the each drug in a characteristic way, with a distinctive dose-and time-dependent sensitivity to at least one of the mechanisms under study. We also emphasized in that study that a correct interpretation of the experimental results will require performing parallel studies with more than one technique 8 .
In a different study we investigated the use of HEI-OC1 cells to evaluate the functional response of prestin, the motor protein of cochlear outer hair cells (OHCs) 9 . We reported flow cytometry and confocal laser scanning microscopy studies on the pattern of prestin expression, as well as nonlinear capacitance (NLC) and whole cell-patch clamping studies in HEI-OC1 cells cultured at permissive (P-HEI-OC1) and nonpermissive (NP-HEI-OC1) conditions. Our results indicated that both total prestin expression and plasma membrane localization increase in a time-dependent manner in NP-HEI-OC1 cells. Interestingly, we also found that the increase in prestin localization at the plasma membrane of NP-HEI-OC1 cells correlated with a decrease in Na
Cell Culture
Note: All cell culturing protocols must be performed using proper cell culture techniques (for reference see the first 3 Chapters of Cell Biology: A Laboratory Handbook, Volume I 10 ). HEI-OC1 cells do not require any additional coating or treatment of the cell culture dishes for proper adherence and growth. Very important: do not use glassware dishes for cell culture purposes; the phenotype and biological response of the cells to pharmacological drugs will change (G Kalinec & F Kalinec, unpublished); conventional plastic cell culture dishes are recommended (see Table of Materials/Equipment). Pay special attention to aseptic techniques to avoid contaminations, but never use antibiotics (e.g., ampicillin or streptomycin) with HEI-OC1 cells. If necessary, use amphotericin B. While HeLa and HEK-293 cells have been used as control in previous studies with HEI-OC1 8 , any other cell line could be acceptable for this purpose.
Resuscitation of Frozen HEI-OC1 Cells
Note: This protocol can also be used with other cell lines from the same transgenic mouse developed in our laboratory, such as OC-k3, from organ of Corti 11, 12 , and SV-k1, from stria vascularis 13, 14 . 1. Remove a vial of cryopreserved HEI-OC1 cells from liquid N 2 , and place it in a water bath at 37 °C. Submerge only the lower half of the vial, and allow it to thaw until only a small amount of ice remains in the vial. Wipe the outside of the vial with 70% alcohol. 2. Pipette the cells from the vial and deliver the entire volume (~ 1.5 x 10 5 cells/ml) slowly, drop by drop, into a 15 ml conical tube containing 10 ml of a pre-warmed growth medium, like Dulbecco's Modified Eagle's Medium (DMEM), supplemented with 10% fetal bovine serum (FBS). 3. Remove DMSO by centrifuging the tube at 300-500 x g for 5 min, discarding the supernatant and re-suspending the cells in 9 ml of fresh growth medium (DMEM + 10% FBS). Disaggregate clumps or sheets of cells by flux and reflux of the suspended cells, from the pipette to the medium and vice-versa, three to four times with the tip of the pipette touching the bottom of the tube. 4. Place the total volume of cells suspended in growth medium in 100 mm-diameter untreated, plastic cell culture dishes. 5. Incubate the cells at 33 °C with 10% CO 2 (permissive conditions).
Subculture of HEI-OC1 Cells
Note: Prior to confluence (~80%) the cells should be brought into suspension and sub-cultured in order to prevent the culture dying. This protocol can also be used with other cell lines developed in our laboratory from the same transgenic mouse, such as OC-k3, from organ of Corti 11, 12 , and SV-k1, from stria vascularis 13, 14 . 1. Remove old medium and wash the cells with 2 ml of PBS. 2. Cover the cell monolayer with a solution of 0.25% trypsin, using 1 ml per 25 cm 2 of surface area. To move onto the next step more than 40% of the cells must be detached. Examine the cells using an inverted microscope and, if necessary, "slap or tap" the culture dishes gently to release any remaining attached cells. Note: Take care as trypsinization for long periods can cause cell death; not enough and the transferred cells will insufficient for the planned studies. 3. Resuspend the cells, following the procedure described in 1.1.3, and transfer them to a 15 ml conical tube. 4. Centrifuge for 5 min at 300-500 x g, discard the medium, collect the cells with fresh growth medium and seed them in, at least, four 100 mm-diameter cell culture dishes. The number of cells per dish will depend on the amount of cells recovered. Incubate the cells at 33 °C with 10% CO 2 (P-HEI-OC1) and divide again as many times as necessary for the planned experiments or for generating a new stock. 5. For stock preparation, replace 100 mm-diameter dishes by 250-550 ml cell culture flasks; for experiments, smaller dishes or multi-wells plates may be more adequate. 6. For differentiation, incubate HEI-OC1 cells at permissive conditions until they reach ~80% confluence; then move the dishes to 39 °C with 5% CO 2 (NP-HEI-OC1) for 2 to 3 weeks. Note: Cells will progressively stop proliferating and dying. Change the medium every other day to remove dead cells. Depending on the original number of cells, usually after ~ 4 weeks no more cells will be available for experiments. Differentiation starts as soon as the cells are placed at NP conditions, but not every cell differentiate at the same pace. Importantly, prestin expression and membrane localization increases during the differentiation process (see Representative Results, Figure 4 ), providing a qualitative and quantitative indication of the level of differentiation.
Drug Cytotoxicity Studies
Note: HEI-OC1 cells grown at permissive conditions (P-HEI-OC1) are recommended for these studies (see Representative Results, Figure 1 ).
1. Cell Viability (MTT Assay) 1. Collect P-HEI-OC1 cells by following the procedure described in 1.2, and count them with either an automatic cell counter or hemocytometer. Adjust the concentration to 2.0 x 10 5 cells/ml. Incubate the plate at 37 °C for 2 to 4 hr until purple dye is visible, and then add 100 µl of the MTT Detergent Reagent to each well. Do not shake the plate. 3. Cover the plate and leave it in the dark for 2 to 4 hr at 37 °C. 4. Use a microplate plate reader to measure absorbance at 570 nm in each well, including the blanks (growth medium alone).
Normalize data using the average OD in control cells as 100% of viability.
2. Caspase 3/7 Activation Assay Note: HEI-OC1 cells grown at permissive conditions (P-HEI-OC1) are recommended for these studies.
1. Collect HEI-OC1 cells by following the procedure described in 1.2, and count them with either an automatic cell counter or a hemocytometer. Adjust the concentration to 2.0 x 10 5 cells/ml.
2. Seed the cells on white-walled 96-well plates (100 µl per well), incubate overnight for attachment to the substrate, and then treat them with the drugs of interest. Do not forget to include blanks and non-treated cells (control)! 3. After drug treatment (usually 24 or 48 hr at 33 °C), perform the caspase assay following the respective manufacturer's protocol. In general, the protocols for this assay have the following steps: 1. Prepare the reagents, mix them well, and allow them to equilibrate to room temperature. 2. Remove the cells from the incubator and allow the plates to equilibrate to room temperature. 3. Add the indicated amount of reagent to each well, being careful to avoid cross-contamination by not touching wells containing different samples with the same pipette tips. 4. Cover the plate and mix for 30 sec using a plate shaker at 300-500 rpm. 5. Incubate the plate at room temperature for a period of, at least, 30 min. Determine the optimal incubation period empirically. If the room temperature fluctuates use a constant-temperature incubator, because temperature fluctuations will affect luminescence reading. 6. Measure luminescence in each well, and normalize values using average luminescence in control cells as 100% of caspase activation. 
Cytotoxicity
Note: HEI-OC1 cells grown at permissive conditions (P-HEI-OC1) are recommended for these studies.
1. Incubate at permissive conditions, usually for 24-48 hr, HEI-OC1 cells in cell culture medium alone (control) or medium plus the drugs of interest. 2. At the end of the treatment, wash the cells three times with PBS, and detach using 1 ml per 25 cm 2 of surface area of a non-enzymatic cell dissociation solution for 3 min. 3. After detaching, collect and pellet the cells by centrifugation at 3,000 x g for 5 min, remove the supernatant, and stain the cells for 15 min in the dark with the reagent included in cytotoxicity assay. 4. Determine the number of live HEI-OC1 cells by flow cytometry as indicated by the manufacturer of the flow cytometer.
Senescence
1. Incubate at permissive conditions, usually for 24-48 hr, HEI-OC1 cells in cell culture medium alone (control) or medium plus the drugs of interest. 2. Determine the number of senescence-associated beta-galactosidase positive cells using flow cytometry with the protocol described by Debacq-Chainiaux et al. 15 or other method known to provide reliable results. A brief protocol for flow cytometry is the following:
Representative Results
In a couple of recent publications we reported a comprehensive set of studies aimed at evaluating the response of HEI-OC1 cells to several commonly used pharmacological drugs as well as investigating prestin function 8, 9 . In these studies we made use of all the protocols described in the previous sections.
One of the results of these previous studies was that HEI-OC1 cells cultured at non-permissive conditions (39 °C/10% CO 2 = NP-HEI-OC1) showed a highly significant decrease in cell viability, and an equally significant increase in cell death, respect to cells cultured at permissive conditions (33°C/10% CO 2 = P-HEI-OC1) (Figure 1) . Therefore, any cytotoxicity study performed on NP-HEI-OC1 cells should dedicate considerable efforts in discriminating drug effects from the effects of culture conditions. In addition, since drug effects on cells already dying or with a decreased viability could be different that the effects of the same drug on healthy cells, we recommend using P-HEI-OC1 cells for experiments that do not specifically require differentiated cells.
Our studies on the effect of different pharmacological drugs also produced interesting results. For example, cisplatin, a chemotherapeutic agent frequently used for the treatment of several human malignancies, and acetaminophen (APAP = N-acetyl-para-aminophenol), the most widely sold over-the-counter painkiller in the USA, were both toxic for HEI-OC1 cells (Figure 2) . However, while APAP decreased cell viability and increased caspase 3/7 activation, it did not induce cell death. Cisplatin, in contrast, significantly increased the three responses (Figure 2) . Interestingly, caspases 3/7 were mostly activated at lower cisplatin concentrations, suggesting that cell death induced by low doses of cisplatin was probably mediated by apoptosis, while high doses lethal effects could be associated with oncosis/necroptosis. While oncosis has been defined as a pre-lethal pathway leading to unregulated cell death accompanied by cellular and organelle swelling, blebbing, and increased membrane permeability 17, 18 , necroptosis is a regulated non-apoptotic cell death mechanism activated by the same stimuli that initiate apoptosis but with morphological features similar to those of oncosis [19] [20] [21] [22] .
Additional studies aimed at investigating the effects of APAP and cisplatin on P-HEI-OC1 cells showed a clear, dose-dependent effect of APAP on cell proliferation that could explain the intriguing decrease in cell viability without cell death described in the previous paragraph ( Figure 3A) . Cisplatin also decreased cell proliferation, and its effect augmented with time of exposure even for small doses (Figure 3A) , but in addition decreased senescence at all the concentrations and time-points included in our study ( Figure 3B) . The significant decrease in cell senescence induced by cisplatin could be explained by the increase in cell death, assuming that senescent cells would be, probably, prone to die faster than healthy cells 23 . Importantly, these representative results suggest that HEI-OC1 cells respond to different pharmacological drugs with a distinctive dose-and timedependent sensitivity to at least one of the mechanisms under study. Therefore, a correct interpretation of any experimental result will require a clear understanding of the particular cellular processes investigated and the information provided by each one of the techniques used to evaluate them.
Confocal and flow cytometry experiments, on the other hand, confirmed prestin expression in P-HEI-OC1 and NP-HEI-OC1 cells, with prestin immunolocalizing mostly at the cytoplasm of P-HEI-OC1 cells (Figure 4A, arrows) , and more concentrated at the plasma membrane in NP-HEI-OC1 cells (Figure 4B, arrows) . Flow cytometry studies showed a clear increase in prestin expression in NP-HEI-OC1 cells respect to P-HEI-OC1 cells (Figures 4C and 4D) . The time-dependent increase in expression and plasma membrane localization of prestin in NP-HEI-OC1 cells suggests that translocation was accompanied by synthesis of more prestin molecules. However, these experiments did not provide clues to decide whether prestin molecules originally located in the cytoplasm move to the plasma membrane and new molecules replace them, if they remain at the cytoplasm and only the newly synthesized prestin moves to the plasma membrane, or a combination of both processes.
Electrophysiological studies showed a robust NLC in P-HEI-OC1 cells ( Figure 5B), with a peak value that decreased and a voltage at peak capacitance that shifted to more depolarized values, when the cells were moved to non-permissive conditions for 1 and 2 weeks (Figures 5C  and 5D) . Because of the progressive translocation of prestin from the cytoplasm to the plasma membrane, we originally hypothesized that NLC would be higher in NP-HEI-OC1 than in P-HEI-OC1 cells, and that it would further increase with time of incubation at NP conditions. Surprisingly, the results of our studies showed exactly the opposite response. We speculated that the increase in the density of prestin molecules in the plasma membrane could be restricting their motor function. Figure 5 the depolarization of the voltage at peak capacitance in HEI-OC1 cells respect to the typical values reported in OHCs and in transfected HEK293 cells 24 ; moreover, observe that the depolarizing shift increases with time at NP conditions. The progressive depolarizing shift is similar to that described in OHCs during mouse and rat development 25, 26 , and it had been suggested that it might be related to the development of other cellular structures associated with the OHC's plasma membrane 25 , or a maturation process intrinsic to prestin 24 .
Note in
We hope this brief recount of a few studies with HEI-OC1 cells provide enough evidence of the potential usefulness of HEI-OC1 cells for investigating a wide spectrum of cell and molecular responses. 
Discussion
In this report we describe how to culture HEI-OC1 cells and use them to evaluate mechanisms of drug-induced cytotoxicity and to investigate functional properties of prestin, the molecular motor of cochlear OHCs. The technical procedures, however, are general enough to be easily adapted to different studies.
All the protocols described here require the correct use of well-established cell culture techniques 10 . Just like with any other cell line, working with HEI-OC1 cells requires a properly equipped cell culture facility, with a certified biological safety cabinet, a refrigerated centrifuge, a water bath, and one inverted microscope for examination of cell cultures and for counting cells if using hemocytometric techniques. A unique requirement, however, is the availability of two humidified incubators, one set at 33 °C/10% CO 2 for P-HEI-OC1 cells and other at 39 °C/5% CO 2 for NP-HEI-OC1 cells. If the planned studies involve only P-HEI-OC1 cells, the second incubator can be set at 37 °C/5% CO 2 for different assays.
The use of plastic cell culture dishes is an important additional requisite for working with HEI-OC1 cells. In fact, HEI-OC1 cells are very robust and they will growth in different surfaces and under very different conditions. However, their phenotype and their response to drugs and other stimuli will strongly depend on the culture parameters (G Kalinec & F Kalinec, unpublished). As we argued in a previous paper 8 , this plasticity of HEI-OC1 cells may be advantageously used to design novel experiments. For example, it is well known that the oxygen tension in the cochlear perilymph is much lower (~2 kPa) than in a typical incubator at sea level (~21.3 kPa) 27 . Incubating HEI-OC1 cells at lower O 2 concentrations will change their responses, perhaps making them a better model for auditory sensory cells.
It should be emphasized that the described protocols for culture and subculture of HEI-OC1 cells can also be used with other auditory cell lines developed in our laboratory from the same transgenic mouse, such as OC-k3 from organ of Corti 11, 12 and SV-k1 from stria vascularis 13, 14 . Moreover, these cell lines could be useful as control for HEI-OC1 cells in selected experiments. For example, we have recently used SV-k1 cells to demonstrate that the inversely proportional immunoreactivity to prestin and Na + K + ATPase antibodies at the plasma membrane of HEI-OC1 cells was cell type-dependent response rather than associated with the transgenic mouse from which these cells were derived combinations, antibiotics must never be used with HEI-OC1 cells except if the purpose of the study is to investigate their effects. HEI-OC1 cells were generated in antibiotic-free conditions, and they must be avoided to reduce the emergence of antibiotic-resistant cells.
Finally, we want to re-emphasize a point already mentioned several times in this report: the phenotype and the response of HEI-OC1 cells to drugs and other stimuli will strongly depend on the culture parameters. Therefore, it is very important that the laboratories working with HEI-OC1 cells use similar protocols and cell culture conditions in order to make their results truly comparable with those provided by other groups. In addition, it is very important to remember that the HEI-OC1 cell line is only a model, with all the limitations that a model has. Expecting that in vitro experiments with HEI-OC1 cells will provide data accurately representing the in vivo responses of real auditory sensory cells is unrealistic. However, we strongly believe the HEI-OC1 cell line is a useful model for investigating functional responses of auditory sensory cells and the screening of the potential ototoxicity of pharmacological drugs.
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